Traumatic injury is a leading cause of mortality and morbidity. MicroRNAs (miRNAs) regulate the cellular responses when traumatic injury occurs. Previously, we reported that miR-3945, miR-125a-5p, miR-363-3p, and miR-150-5p were significantly altered in neutrophils of patients who suffered traumatic injury. In the present study, by comparing neutrophils of patients suffering from major trauma with neutrophils of patients with a inflammatory disease, we found that the variation trend of miR-150-5p was relatively different in the process of these two diseases. Gene Ontology and pathway analysis of miR-150-5p revealed that it may activate the mitogen-activated protein kinase and Toll-like receptor signaling pathways and cell adhesion molecules when the traumatic injury occurs. In addition, protein kinase C alpha (PRKCA) was also identified as a direct target of miR-150-5p by establishing a miRNA-mRNA network, and this target was validated via dual-luciferase reporter and western blot analysis. Our results suggested that the expression of miR-150-5p was down-regulated in neutrophils after a major traumatic injury. miR-150-5p and its identified target PRKCA play important roles in the development of traumatic process.
Introduction
Traumatic injury remains a leading cause of death in children, adolescents, and young adults [1] . Significant progress has been made in the prognosis of major trauma patients. However, early diagnosis remains crucial to prevent death [2] .
MicroRNAs (miRNAs) are evolutionarily conserved, small, noncoding RNA molecules that are 22 nucleotides in length and can participate in post-transcriptional regulation processes mediated by mRNA cleavage and degradation. Moreover, miRNAs can repress the expression of cellular mRNAs. Specifically, miRNAs regulate the expression of cellular mRNAs by acting on the 3′ untranslated region (3′-UTR) of target genes [3] . Several reports have suggested that miRNAs are involved in both physiological and pathologic processes, and their expression and activity can be mediated by these processes [3] [4] [5] . Changes in miRNA expression can be used as diagnostic and therapeutic biomarkers [6] [7] [8] . For example, several studies have reported that the expression of miRNAs in serum and trauma-related organs is altered in the advent of traumatic injury [9, 10] . Given that neutrophils are the first line of cellular responders to severe trauma, knowledge about the changes in miRNA expression in these cells after traumatic injury will facilitate understanding of the relationship between miRNA expression and traumatic injury [11] . Previously, we identified the miRNA profiles in neutrophils from major trauma patients and normal controls via miRNA microarray analysis and quantitative real-time PCR (qRT-PCR). Our results showed that the expression of miR-3945, miR-125a-5p, miR-363-3p, and miR-150-5p was significantly altered in neutrophils of patients suffering from trauma [12] .
The numbers and functions of neutrophils are also affected by other events, such as bacterial infection, parasitic infection, and viral infection [13] . Therefore, we hypothesized that some miRNAs in neutrophils are specifically triggered by the onset of major trauma, especially at early stages. In the present study, we performed miRNA profiling on neutrophils from patients suffering from major trauma or inflammatory disease. A distinct miRNA signature that is associated with traumatic injury was identified in neutrophils. A global analysis of miRNA-regulated signaling pathways as well as the related genes was also performed by using miRNA expression profiles and bioinformatics techniques.
Materials and Methods

Clinical samples
The study was conducted at the General Surgery Department, Shanghai Sixth People's Hospital, which is affiliated to the School of Medicine, Shanghai Jiao Tong University (Shanghai, China). The study followed the principles of the Declaration of Helsinki, and informed consents were obtained from all subjects. We enrolled 10 patients with major trauma but without serious pre-existing illness at 12 ± 3 h after traumatic injury. In parallel, 10 patients with acute appendicitis within 24 h onset of the disease were also enrolled in this study. Blood samples were collected before any medical procedures. Samples of normal controls were obtained during the same period at the same hospital.
Neutrophil isolation
Neutrophils were isolated from patient blood samples immediately after extraction. Briefly, 3 ml of human peripheral blood was incubated with 10 ml of red cell lysis (RCL) buffer (SLNco Lab, Austin, USA) for 3 min at room temperature. Cell pellets were isolated by centrifugation at 400 g, washed with RCL, and suspended in suspension buffer (SLNco Lab). Aliquots of cell suspensions were isolated for future use. Neutrophils were isolated by adding Dynabeads (CD15; Invitrogen, Carlsbad, USA) to the remaining pellets and mixing for 30 min at 4°C. A neutrophil-rich preparation was collected after separation with a Dynabeads adsorption rack in a magnetic field. The purity of the preparation was determined by flow cytometry (BD Bioscience, Franklin Lakes, USA).
RNA isolation
Total RNA was isolated using the SLNco Total RNA Isolation Kit (SLNco Lab) as instructed by the manufacturer. RNA was qualitatively analyzed using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, USA). RNA concentration was assessed using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, USA).
Quantitative real-time polymerase chain reaction
Isolated RNAs were reverse transcribed using a miScript Reverse Transcription Kit (Toyobo, Osaka, Japan) in accordance with the manufacturer's instructions. Synthesized cDNAs were amplified with Toyobo-SYBR Green Real-time PCR Master Mix (Toyobo). The reverse primer was the universal qPCR primer for miRNA from Takara (Otsu, Japan). The forward miRNA primers were synthesized by Invitrogen. And the primer sequences are listed in Table 1 . PCR was performed in a FTC-3000 PCR Cycler (Funglyn, Ontario, Canada). The PCR conditions used were as follows: 94°C for 20 s, 60°C for 30 s, 72°C for 30 s following an initial denaturation at 94°C for 30 s. All reactions were performed in duplicates, and the small nuclear RNA U6 was used as an internal control.
Bioinformatics analysis
Gene Ontology (GO) analysis was used to analyze the main function of the differentially expressed genes according to the GO, which is the key functional classification of NCBI. In detail, two-side Fisher's exact test and χ 2 test were used to classify the GO category, and the false discovery rate (FDR) was calculated to correct the P-value. We chose only GOs that had a P-value of <0.001 and a FDR of <0.05. Within the significant category, the enrichment R e was given by
where n f is the number of flagged genes within the particular category, n is the total number of genes within the same category, N f is the number of flagged genes in the entire microarray, and N is the total number of genes in the microarray [14] .
Pathway analysis was performed to determine the significant pathways that involve genes differentially expressed in neutrophils of trauma patients. Selection was based on Fisher's exact test and the χ 2 test. The threshold of significance was defined by the P-value and the FDR. The enrichment R e was calculated using the equation mentioned earlier [15] . Based on the GO and KEGG pathway analyses, an interactions repository (Signal-net) was established deriving from KEGG to show the core genes that play an important role in gene network [16, 17] .
Cell culture and cell transfection
Cells (HEK 239T) were cultured in Dulbecco's modified Eagle's medium containing 10% fetal calf serum (Thermo Scientific, Waltham, USA), 100 units/ml penicillin, and 100 µg/ml streptomycin at 37°C in a humidified atmosphere of 5% CO 2 . HEK 239T cells (0.5 × 10 6 /well) were seeded in 6-well plates with antibiotic-free growth medium. When the cell confluence reached 90%, the cells were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.
Luciferase reporter assay
The 3′-UTR of protein kinase C alpha (PRKCA) containing the predicted miR-150-5p binding site was amplified using PCR and a PrimerSTAR Kit (Takara, Otsu, Japan) in accordance with the manufacturer's instructions. The primers are as follows: 5′-AACGTGGG AGTAGACGGATG-3′ (sense) and 5′-TAGCCCTCAGGAAGAG ACCA-3′ (antisense). The PCR product was cloned into psiCHECK2 vector on the XhoI and NotI restriction sites (Sangon Biotech, Shanghai, China). Six nucleotides corresponding to the 5′-seeding region of the miR-150-5p-binding site were substituted to generate a construct containing the miR-150-5p-binding site mutant (mut). The constructs containing wild-type (wt) and mut 3′-UTR of PRKCA, and miR-150-5p mimic, or control mimic were co-transfected into HEK 293T cells using Lipofectamine 2000. The luciferase activity was measured at 48 h after transfection using the dual-luciferase reporter assay system (Promega, Wisconsin, USA).
Western blot analysis
Isolated neutrophils were washed twice with phosphate-buffered saline (PBS). Total cellular proteins were extracted and separated in Table 1 . Primers used in qPCR
Gene
Primer sequence
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and transferred onto poly(vinylidene fluoride) membranes (Millipore, Billerica, USA). The membranes were blocked with PBS containing 5% nonfat milk and incubated with primary antibodies against PRKCA (Abcam; Cambridge, UK) or GAPDH (Abcam) overnight at 4°C. Blots were washed three times and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (CW Biotech, Beijing, China) for 2 h. Protein bands were detected using an Odyssey Scanning system (Li-Cor Biosciences, Lincoln, USA). GAPDH was used as an internal control to normalize the expression levels.
Statistical analysis
Data were expressed as mean ± standard deviation (SD). Statistical analysis was performed using SPSS software version 13.0 (SPSS, Chicago, USA). P < 0.05 was considered statistically significant.
Results
Baseline clinical characteristics of study population
Clinical features of the healthy controls and patients with major trauma and acute appendicitis in this study are listed in Supplementary  Table S1 . No significant difference was identified between the ages and gender of subjects (P > 0.05). Similarly, no significant difference was found in the white blood count and neutrophil ratio of the patients with major trauma or inflammatory disease (P > 0.05).
Differentially expressed miRNAs in neutrophils of major trauma patients
Our previous study showed that miR-3945, miR-125a-5p, miR-363-3p, and miR-150-5p were significantly altered in neutrophils of patients who suffered traumatic injury. In this study, we compared miRNA profiling on patients suffering from major trauma or inflammatory disease to identify distinct miRNA signature in neutrophils that is associated with traumatic injury. However, the expression of miR-3945 was extremely low in the major trauma, acute appendicitis, and healthy controls. Thus, we considered this result as an error in detection and eliminated miR-3945 from our analysis. Analysis of the other miRNAs revealed that miR-150-5p was the only one differentially expressed in neutrophils of major trauma patients, compared with inflammatory disease patients and healthy controls (P = 0.0305 and P = 0.0107, respectively; Fig. 1 ), which indicated that miR-150-5p may be a specific miRNA in neutrophils after traumatic injury
Target genes of miR-150-5p predicted by bioinformatics analysis
Targetscan predicted up to 275 target mRNAs for miR-150-5p. The GO functional categories for miR-150-5p identified by GO analysis were cell cycle, ion transport, protein modification, cell adhesion, cell differentiation, and insulin receptor signaling pathway ( Fig. 2A) .
To analyze the associated cellular pathways involved in miR-150-5p down-regulation, KEGG pathway analysis was performed. It was found that the following signaling pathways ErbB, Wnt, insulin, mitogen-activated protein kinase (MAPK), Janus kinase/signal transducer and activator of transcription, gonadotropinreleasing hormone, and Toll-like receptor (TLR) were included (Fig. 2B) . Furthermore, Signal-Net analysis identified PRKCA as a core target gene for miR-150-5p (Fig. 2C ).
PRKCA as a target of miR-150-5p
To validate PRKCA as a target of miR-150-5p, the 3′-UTR of human PRKCA containing the wt or mut miR-150 binding sequences (Fig. 3A) was cloned into the downstream of the firefly luciferase reporter gene in psiCHECK2, and co-transfected with miR-150-5p mimic or control mimic into HEK 293T cells. The reporter assays showed that the luciferase activity was significantly inhibited in cells transfected with wt-PRKCA-3′-UTR compared with that in cells transfected with mut-PRKCA-3′-UTR (Fig. 3B) . These results suggested that miRNA-150-5p can bind to the 3′-UTR of the PRKCA mRNA and inhibited the expression of the firefly luciferase reporter gene, indicating that PRKCA is probably a direct target of miRNA-150-5p. Furthermore, we sought to determine the regulatory effect of miR-150-5p on PRKCA expression using western blot analysis. The results showed that PRKCA expression were significantly higher in the major trauma patients than in the healthy controls and patients with inflammatory disease (Fig. 4) . Taken together, these results supported that PRKCA is a direct target gene of miR-150-5p.
Discussion
Traumatic injury is a complex process that involves many factors, genes, and cellular signaling pathways. It causes significant mortality and morbidity [18] [19] [20] . Although the prognosis of major trauma patients has been significantly improved over the past few years, the molecular mechanisms mediating the development of traumatic processes remain elusive. Fortunately, miRNA profiling can help to provide a better understanding of the physiological and pathological processes of traumatic injury [10, 21, 22] . Previously, we reported that miR-3945, miR-125a-5p, miR-363-3p, and miR-150-5p were significantly altered in neutrophils of patients suffering from major trauma [12] . However, pathological conditions such as inflammatory diseases may also affect neutrophil count and physiology, because these cells are the first line of defense against invading pathogens [23, 24] . Moreover, miRNAs participate in the pathogenesis of inflammation and sepsis [25] . We hypothesized that the expression of some specific miRNAs in neutrophils may only be triggered by the onset of major trauma, especially at early stages. To test our hypothesis, we compared the expression of the four miRNAs listed above in neutrophils from patients with inflammatory diseases, particularly acute appendicitis, major trauma patients, and healthy controls by qRT-PCR. It was found that the expression of miR-150-5p was significantly altered in patients suffering from major trauma but not in patients with inflammatory diseases. This finding suggested that miR-150-5p was specific to the onset of major trauma.
Several groups have published their studies on the expression of miR-150 in patients. For example, Roderburg et al. [26] measured the serum concentrations of miR-150, and their result showed slightly reduced miR-150 serum levels in critically ill patients compared with healthy controls, suggesting that reduced miR-150 serum concentrations are associated with an unfavorable outcome in patients with critical illness. In another study, Vasilescu et al. [27] reported that miR-150 levels in leukocytes and plasma were correlated with the aggressiveness of sepsis and can be used as a marker of early sepsis and diseases. Recent report showed that miR-150 was selectively packaged into microvesicles and can be actively secreted by human blood cells. In this setting, lower levels of circulating miR-150 might lead to a derepression of genes, such as CXCR4 and c-Myb, which have both been associated with the activation of immune response as well the patients' prognosis [28] .
In the current study, we used KEGG pathway and GO enrichment analysis to determine the cellular pathways associated with the target genes of miR-150-5p. KEGG pathway analysis identified some trauma-related signaling pathways, including MAPK and TLR pathways. MAPK is an important factor responsive to extracellular stimuli, such as injury [29] . p38 MAPK can be activated by neutrophil elastase, leading to enhanced activities of nuclear factor-kappa B and activator protein 1, thereby inducing IL-8 expression and protein synthesis [30] . The TLR signaling pathway is another contributor in the onset of the inflammatory immune response during traumainduced infections [31] [32] [33] . Furthermore, the GOs are related to cell adhesion molecules (CAMs). CAMs may also be involved in the development of increased permeability, adhesion, migration, and infiltration of neutrophils following the onset of major trauma [13] .
We used bioinformatics analysis to identify the miR-150-5p physiological targets and explore the molecular mechanisms that mediate the trauma-promoting activity of miR-150-5p. Considering a single miRNA can modulate over 100 genes [34] , we used Signal-net analysis to integrate the results from the bioinformatics analysis and outline the cellular targets of miR-150-5p. We identified the PRKCA gene as a core target of miR-150-5p. Dual-luciferase reporter analysis showed that miRNA-150-5p can bind to the 3′-UTR of the PRKCA mRNA and inhibited the expression of the firefly luciferase reporter gene. The results of western blot analysis showed that the over-expression of miR-150-5p was coordinated with the downregulation of PRKCA in neutrophils. All these findings suggest that PRKCA is the direct target of miR-150-5p in the process of traumatic injury. PRKCA belongs to the AGC family of serine/threonine protein kinases that are widely expressed in mammalian tissues [35] . This protein has several cellular functions, such as cell adhesion, secretion, proliferation, differentiation, and apoptosis [36, 37] . Recent reports showed that PRKCA played an important role in endothelial dysfunction [38, 39] and inflammation [40, 41] . Specifically, PRKCA mediated the activation of inflammatory mediators to up-regulate the surface expression of adhesion molecules in the course of bacterial infection [42] . As a result, neutrophil adhesion to endothelial cells was increased, and neutrophils were activated, thereby secreting inflammatory mediators, such as reactive oxygen species (e.g. H 2 O 2 ) [43] . H 2 O 2 -induced PRKCA expression can be associated with the shortsplice variant of transient receptor potential 2 (TRPM2), known as TRPM2-S, and open the interendothelial junctions to promote neutrophil migration into tissues. Consequently, vascular injury and edema formation were observed [44] . Our study suggested that the expression of miR-150-5p in neutrophils was regulated by the stress response after traumatic injury. Reduced levels of miR-150-5p in neutrophils may up-regulate the PRKCA expression, which has been linked to the activation of interendothelial junctions and the subsequent activation of neutrophils.
In conclusion, we provided the evidence that miR-150-5p is a specific regulator in the development of traumatic processes, and its downstream target, PRKCA, may influence the progress of traumatic injury. However, the exact molecular mechanisms by which of miR-150-5p functions in neutrophils and its role in traumatic injury remain unclear. It should be noted that there are still some limitations in this study. For instance, the study population is small, and the molecular pathways involving miR-150-5p are incompletely understood. Therefore, further studies with larger population are needed to evaluate miR-150-5p as a potential biomarker in trauma patients.
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